The morphology and properties of the transparent SnO 2 :F (FTO) films, deposited by RF magnetron sputtering at varying oxygen flows from 0~3sccm, were examined. For FTO films deposited with 0~1sccm O 2 , the polar unsaturated (101) planes were the preferred orientation, resulting in resistivity values as low as 10 -3 Ω·cm, and the transparency of 86.5% in the visible range.
Introduction
Fluorine doped tin oxide (FTO) can be prepared by several techniques, such as the pyrosol process 1 , laser ablation deposition 2, 3 , evaporation 4 , magnetron sputtering 5 and spray pyrolysis 6, 7 .
Semi-conductive transparent FTO coatings can be used as window electrodes, and insulating FTO coatings can form barrier layers in electronic devices 9, 10 . Also, by engineering the nanocrystalline structure, tin oxide films can effectively emit UV light and used in LED fabrication due to tailing the band edge state 11 . Tin oxide is much cheaper than indium oxide and can be used in place of it as an electrode 12 . It is worth mentioning that chemical vapor deposition (CVD) 13 is currently the most widely used industrial scale technique to produce FTO glass 14 , but environmental pollution from this process may threaten its continued use.
Studies of FTO films show that the textures of the films can be controlled by the preparation processes, such as the choice of precursors in the spray pyrolysis method 6, 7 . As a semi-conductive oxide, the dopant atom, F, takes the place of the O atoms in the SnO 2 lattice, and provides a free electron. Oxygen content is a critical parameter as an oversupply of oxygen might force the F atoms into lattice spaces as an interstitial atom, or in the domain boundaries, where the F atom will lose its role as a donor. In magnetron sputtering, the mean free path of 'light' O and F atoms is normally much larger than that of the 'heavy' Sn atoms, and they can be more easily pumped out of the vacuum chamber. FTO films deposited in a pure Ar atmosphere are likely to be oxygen deficient and form O vacancies. Also, the ratio of fluorine in the films might slightly different with that in the target, which would not affect it, as the donor, to take over the oxygen position, especially to occupy the oxygen vacancy. Such oxygen vacancies would cause deformation of the lattice, and if the deformation was sufficiently severe, this might reduce the mobility of the charge carriers in the FTO
films. Therefore oxygen and fluorine contents are the main factors affecting the conductivity of FTO films. It was found that the morphology of FTO films deposited by magnetron sputtering is also influenced by oxygen content, indicating a strong relationship between structure and the properties.
Experimental
FTO films were prepared from powder targets by RF magnetron sputtering in this study, as described elsewhere [15] [16] [17] . Briefly, 99.99 % SnF 2 powder (Aladdin) was mixed into 99.99 % SnO 2 powder (Aladdin) to give a target content of 2.5 at% fluorine, which kept no change during the preparation of the films. It is presumed that the ratio of fluorine in the films should also be kept constant. The mixed powders were then spread onto the copper backing plate, and slightly tamped by a stainless steel disc to form a uniform and smooth surface, without further processes. This technique has been described in more detail by Kelly and Zhou elsewhere 18 . The glass slides were cleaned ultrasonically in alcohol and then deionized water, before drying in pure N 2 . The coatings were deposited at a target power of 300W for 2 hours, at varying oxygen partial flows, with a 180mm substrate-target separation; see table 1 for full details. Coating composition was determined by X-ray photoelectron spectroscopy (XPS). Depth profiling of the FTO films was undertaken to 200nm depths to determinate the Sn/O atomic ratios. The structures of the FTO films were characterized by field-emission scanning electron microscopy (FEG-SEM) at 10kV, X-ray diffraction (XRD) in θ~2θ mode and high resolution transmission electron microscope (HRTEM). The thicknesses of the films were measured by an Alpha Step D100 profilometer, and the optical and electrical properties were determined by a spectrophotometer and a Hall Effect measurement system, respectively.
Results and discussion

Composition and Structure
The O 2 :Sn atomic ratios for the FTO films increased as the O 2 partial flow rates increased from 0 to 3sccm in the Ar sputtering atmosphere, changing from approximately stoichiometric to O-rich.
The composition data are included in table 1 and illustrated in figure 1. Increasing the O 2 flow rate would also be expected to lead to reductions in the sputtering rate at the target and, therefore, decreasing deposition rate, which is included in figure 1 in terms of film thickness. As shown in , and the other is (0.184a, 0.816b, 0.5c) 19 . The second position is within the (110) planes, which contain both oxygen and tin atoms. Therefore (110) planes are un-polar and saturated ones.
Optical Property
The average transmittance of the films increased as the increases of the O 2 partial flow rates from 0 to 3sccm in the Ar sputtering atmosphere, changing from approximately 86.5% to 95% within the visible range (table 1 and figure 5 ). The absorption edges obviously shifted towards large band gaps as the increases of the oxygen flows up to 2sccm, showed in the inner graph in figure 5 . Then the band gap of the film decreased again when the oxygen flow rate increased to 3sccm. In optical theory of thin films, the total incident light to be 1, then
in which, 'T ' presents transmittance, 'R', reflectivity, 'A', absorptivity, and 'S', scattering ratio.
As mentioned in 3.1 section, the O 2 :Sn atomic ratios for the FTO films changed from approximately stoichiometric to O-rich as the increases of the O 2 flow rates, which would lead to the loss of the metallic property and the increase of the dielectric property for the semi-conductive oxide films. The M A N U S C R I P T
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6 reflectance of the films caused by metallic property would be reduced. The scattering ratio is decreased in the case of the film surfaces are dense and smooth 20 . It can be seen in table 1, the roughnesses, in term of the root mean square roughnesses, reduced abruptly when the O 2 partial flow rate in the sputtering atmosphere raised up to 2sccm. Additionally, the absorptivity of the semi-conductive films in the visible range mainly depended on the absorption by charge carriers 19 , i.e. the higher the charge carrier concentration is, the more the absorption of the visible light is. The carrier concentrations of the FTO films dropped down by three orders as the oxygen flow partial increased up to 2sccm, refer to table 1. Therefore, the decreases of the 'R', 'S' and 'A' as the increases of the O 2 flow partial rates would lead to the increases of the transmittance of the films.
Electrical Property
The resistivities of the films increased as the O 2 partial flow rates increased from 0 to 3sccm in the Ar sputtering atmosphere, changing from approximately 10 -3 ohm-cm to 10 2 ohm-cm (table 1   and dopant, but also hindered the combination of the crystal grains. Therefore, the charge carrier concentrations and mobilities dropped, the crystalline texture changed to unpolar saturated (110) plane, and the semi-conductive FTO films transformed into insulated films.
Discussion
The changes in microstructure and texture can be clearly observed in figures 2 and 4, which related to the significant changes of the optical and electrical properties of the FTO films, refer to figures 5 and 6 and table 1.
In figure 7 , the TEM images detailed the changes of the crystalline and the nano-domain sizes to clearly explain and accurately predict the properties. As shown in figure 7 , the domain sizes of all the films were less than 20nm, and the mis-orientated domains were only about 5nm for the oxygen rich film deposited at 3sccm of oxygen. In Figures 7a and 7b , the selected area electron diffraction (SAED) spots showed that the crystals had strong (101) orientations which are in accordance with the XRD patterns. The crystalline grain sizes for the film deposited without additional oxygen in the sputtering atmosphere were larger than those with 1sccm O 2 flow, which may account for the lower charge carrier mobility. The fact was the charge carrier mobility decreased from 14cm 2 /V-s to 
Conclusions
The morphological and micro-structures of the FTO films changed as a function of the oxygen:tin atomic ratio in the films, which could be controlled by additional oxygen flow in the sputtering atmosphere. The polar unsaturated (101) planes were the mainly preferred orientation at low additional oxygen flow rates, and polygon grains could be identified. These films were 
